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(54) Optical coherence tomography apparatus using optical-waveguide structure which reduces 
pulse width of low-coherence light 



(57) In an optical coherence tomography apparatus 
low-coherence light from a light source is split into signal 
light and reference light. At least one of the frequencies 
of the signal light and the reference light is shifted so as 
to produce a predetermined frequency difference be- 
tween the frequencies. The reference light and a portion 
of the signal light reflected from the object are optically 



multiplexed so as to produce interference light and the 
optical intensity of the interference light is detected. The 
pulse width of pulsed light emitted from a pulsed light 
source unit is reduced by an optical-waveguide struc- 
ture. The optical-waveguide structure is made of a ma- 
terial having a normal dispersion characteristic, and in- 
cludes a structure which realizes an anomalous disper- 
sion characteristic. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to an optical co- 
herence tomography apparatus which irradiates an ob- 
ject with low-coherence light as signal light, and ac- 
quires a tomographic image of the object, where the to- 
mographic image represents information on fine struc- 
tures on and under a surface of the object, based on the 
signal light which is reflected from the surface and sub- 
surface portions of the object. 

Description of the Related Art 

[0002] Conventionally, optical coherence tomography 
apparatuses using low-coherence light are used. In par- 
ticular, optical coherence tomography apparatuses in 
which intensities of low-coherence interference light are 
detected by heterodyne detection are used for obtaining 
a tomographic image of subretinal fine structures or the 
like. 

[0003] In the above optical coherence tomography 
apparatuses, low-coherence light emitted from a light 
source such as a superluminescent diode (SLD) is split 
into signal light and reference light, and the frequency 
of the reference light is slightly shifted by using a piezo 
electric element or the like. Next, an object is irradiated 
with the signal light, and the reference light and reflected 
light from a predetermined depth in the object are opti- 
cally multiplexed so as to produce interference light. 
Then, the intensity of the reflected light is detected by 
heterodyne detection based on interference light in or- 
der to obtain tomographic information. In this detection, 
information on a deep portion of the object, to which the 
round trip optical length of the signal light coincides with 
the optical length of the reference light, is obtained. In 
addition, when the optical length of the reference light 
is varied by moving a movable mirror or the like which 
is arranged in an optical path of the reference light, in- 
formation on another area of the object located at a dif- 
ferent depth can be obtained. 
[0004] In the above optical coherence tomography 
apparatuses, it is desirable that the interference be- 
tween the reference light and the signal light occurs only 
when the lengths of the optical paths of the reference 
light and the signal light precisely coincide. However, in 
practice, the interference between the reference light 
and the signal light occurs when the difference between 
the lengths of the optical paths of the reference light and 
the signal light is equal to or less than the coherence 
length of the light source, the interference occurs. That 
is, the resolution in the low-coherence interference is 
determined by the coherence length of the light source. 
[0005] Generally, the coherence length is dependent 
on the type of the light source, the oscillation mode, 



noise, and the like. Usually, when laser light is used as 
the above low-coherence light, it is possible to regard 
the coherence length as being approximately propor- 
tional to the pulse width. 

5 [0006] For example, when a pulse laser which emits 
pulsed laser light having a center wavelength of 800 nm 
and a pulse width of 25 fs (i.e., 25 X 1 0' 15 sec) is used, 
the coherence length is about 14 micrometers. In addi- 
tion, when an SLD which emits pulsed light having a 

10 center wavelength of 800 nm and a spectral width of 20 
nm is used, the coherence length is also about 14 mi- 
crometers. That is, when these are used as the light 
sources in the above optical coherence tomography ap- 
paratuses, the resolution is about 14 micrometers. 

<5 Therefore, when the object includes a plurality of layers 
within a thickness equal to the coherence length, it is 
not possible to distinguish the respective layers based 
on the reflected light. 

[0007] In addition, recently, in the field of clinical med- 

20 icine, usefulness of the tomographic image of living tis- 
sue is widely known. For example, demands for high- 
resolution tomographic images of living tissue which 
scatters light more highly than eyeballs are growing. In 
orderto satisfy the above demands, a light source which 

25 can emit low-coherence light having a low coherence 
length and high output power is necessary. However, it 
is impossible to increase the output power of the SLD. 
In addition, it is also impossible to reduce the pulse width 
and the coherence length of the SLD since the pulse 

30 width of the SLD is determined by its bandgap. 

[0008] In orderto solve the above problem, for exam- 
ple, B. E. Bouma et al., ("Self-phase-modulated Kerr- 
lens mode-locked Cnforsterite laser source for optical 
coherence tomography," Optics Letters Vol. 21 , Issue 

35 22, pp.1 839-1 841 , November 1 996) propose an appa- 
ratus which can obtain a high-resolution tomographic 
image by using low-coherence light having a short pulse 
width and high output power. The apparatus includes as 
a light source a KLM (Kerr-lens mode-locked) Ti:sap- 

40 phire laser which emits an ultrashort-pulsed light having 
a pulse width of a few femtoseconds. In this apparatus, 
low-coherence light having a short pulse width and high 
output power is obtained by using the above ultrashort- 
pulsed light, and used as signal light and reference light 

« in order to obtain a high-resolution tomographic image. 
[0009] However, in the above apparatus, the light 
source including the KLM (Kerr-lens mode-locked) T\: 
sapphire laser is bulky, expensive, and uneasy to han- 
dle. That is, in practice, the above apparatus using the 

so KLM (Kerr-lens mode-locked) Thsapphire laser is not 
practicable due to its large size, high cost, and poor us- 
ability. 

SUMMARY OF THE INVENTION 

55 

[001 0] The object of the present invention is to provide 
an optical coherence tomography apparatus which uses 
a small-sized, inexpensive, and easy-to-handle light 
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source, and can acquire a high-resolution tomographic 
image by using low-coherence interference. 
[0011] According to the present invention, there is 
provided an optica! coherence tomography apparatus 
comprising: a light source which emits low-coherence 
light; an optical splitting unit which splits the low-coher- 
ence light into signal light having a first frequency and 
first reference light having a second frequency; a fre- 
quency shifting unit which shifts at least one of the first 
and second frequencies so that a predetermined fre- 
quency difference is produced between the first and 
second frequencies; an irradiating unit which irradiates 
an object with the signal light; an optical multiplexing unit 
which optically multiplexes the reference light and a por- 
tion of the signal light which is reflected from a prede- 
termined depth in the object, so as to produce interfer- 
ence light; an image detection unit which detects an op- 
tical intensity of the interference light, and obtains a to- 
mographic image of the object based on the optical in- 
tensity. The light source comprises a pulsed light source 
unit which emits pulsed light having a third frequency 
and a pulse width, and an optical-waveguide structure 
is made of a material having a normal dispersion char- 
acteristic with respect to light which has the third fre- 
quency, and includes a structure which realizes an 
anomalous dispersion characteristic with respectto light 
which has the third frequency, so as to reduce the pulse 
width of the pulsed light. 

[001 2] Thus, in the optical coherence tomography ap- 
paratus according to the present invention, the pulsed 
light which has the reduced pulse width is emitted as 
low-coherence light from the light source. 
[0013] Specifically, the above predetermined fre- 
quency difference is such that a beat signal having a 
frequency which is equal to the predetermined frequen- 
cy difference is included in the interference light. The 
above intensity of the interference light is the intensity 
of the beat signal. For example, the image detection unit 
detects the intensity of the beat signal by the heterodyne 
interferometry or the like. 

[0014] Generally, the reciprocal of the pulse width of 
the pulsed laser light emitted from a pulse laser is ap- 
proximately proportional to the spectral width of the 
pulsed laser light. That is, when the pulse width is re- 
duced, the spectral width increases, and therefore the 
coherence length is reduced. Therefore, when the pulse 
width of the low-coherence light emitted from the light 
source is reduced, the resolution of the tomographic im- 
age can be increased corresponding to the reduction in 
the coherence length. 

[0015] In the optical coherence tomography appara- 
tus according to the present invention, the pulse width 
of the pulsed laser light emitted from the pulsed light 
source is reduced by the optical-waveguide structure, 
and the optical-waveguide structure is made of a mate- 
rial having a normal dispersion characteristic with re- 
spect to light which has the frequency of the pulsed laser 
light, and includes a structure which realizes an anom- 



alous dispersion characteristic with respect to the light 
which has the frequency of the pulsed laser light. That 
is, low-coherence light having a short coherence length 
can be obtained by the provision of a small-sized, inex- 

5 pensive, easy-to-handle light source. In other words, a 
bulky, expensive, uneasy-to-handle light source, which 
is required in the conventional optical coherence tom- 
ography apparatus, is unnecessary. Thus, the resolu- 
tion in the low-coherence interference can be improved. 

10 [0016] Preferably, the optical coherence tomography 
apparatus according to the present invention may also 
have one or any possible combination of the following 
additional features (i) to (xviii). 

'5 (i) The optical-waveguide structure may be a trans- 
parent-type finely-structured optical waveguide, a 
reflection-type Bragg grating, or the like. 

(ii) The optical-waveguide structure may comprise 
at least one Bragg grating formed with a plurality of 

20 light-reflecting portions arranged in a longitudinal 
direction of the optical-waveguide structure at a 
pitch which varies progressively. 

The plurality of light-reflecting portions can be 
formed by any method. For example, the plurality 
25 of light-reflecting portions can be realized by peri- 
odically forming projections and depressions in an 
optical waveguide by etching, or forming cladding 
having a periodic variation, or periodically forming 
high-refractive-index portions. 
30 When the optical-waveguide structure is real- 

ized by at least one Bragg grating formed with a plu- 
rality of light-reflecting portions arranged in a longi- 
tudinal direction of the optical-waveguide structure 
at a pitch which varies progressively, the pitch (or 
35 period) of the Bragg grating can be arranged corre- 
sponding to the frequency and the pulse width of 
the pulsed (laser) light emitted from the pulsed light 
source (e.g., a pulse laser), so that the Bragg grat- 
ing can efficiently reduce the pulse width of the 
40 pulsed (laser) light. In addition, since it is easy to 
arrange the Bragg grating in the optical path of the 
pulsed laser light, the light source can be easily 
manufactured. Even when the pulse width cannot 
be sufficiently reduced to a desired amount by a 
45 Bragg grating, the pulse width can be reduced to 
the desired amount by arranging a plurality of Bragg 
gratings in a plurality of stages. 

(iii) In the optical coherence tomography apparatus 
having the feature (ii), the at least one Bragg grating 

so may be at least one frequency-modulation type 
Bragg grating formed with a plurality of high-refrac- 
tive-index portions arranged in the longitudinal di- 
rection of the optical-waveguide structure at the 
above-mentioned pitch. In this case, it is easy to 
55 form a Bragg grating having a desirable pitch. 
Therefore, the pulse width can be reduced with high 
accuracy. 

The above frequency-modulation type Bragg 
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grating may be a planar-waveguide type Bragg 
grating, a fiber Bragg grating, or the like. That is, the 
above frequency-modulation type Bragg grating 
may be any Bragg grating which is produced by 
forming high-refractive-index portions in an optical 5 
waveguide at a pitch which varies progressively. 
Since the fiber grating is easy to place in narrow 
space, the use of the fiber grating contributes to 
downsizing of the entire apparatus. 

(iv) In the optical coherence tomography apparatus <o 
having the feature (ii), the at least one Bragg grating 
may be at least one linear Bragg grating in which 

the pitch varies linearly. Since the linear Bragg grat- 
ing can be easily formed at low cost. Therefore, the 
cost of the light source can be further reduced. '5 

(v) In the optical coherence tomography apparatus 
having the feature (ii), the at least one Bragg grating 
may be at least one chirped fiber Bragg grating. 

(vi) The pulsed light source may comprise a fiber 
laser doped with a rare-earth ion. In this case, it is 20 
possible to obtain pulsed laser light having a narrow 
pulse width and high output power in a desired 
wavelength band. 

(vii) In the optical coherence tomography apparatus 
having the feature (vi), the pulsed light source may 25 
further comprise a second harmonic generator. In 
this case, it is possible to obtain pulsed laser light 

in a wavelength band which cannot be obtained 
from the rare-earth-ion-doped fiber laser per se. 

(viii) In the optical coherence tomography appara- 30 
tus having the feature (vi), the rare-earth ion may 

be erbium. In this case, pulsed laser light having a 
narrow pulse width and high output power can be 
obtained at low cost. 

(ix) In the optical coherence tomography apparatus 35 
having the feature (vi), the rare-earth ion may be 
ytterbium. In this case, pulsed laser light having a 
narrow pulse width and high output power can be 
obtained at low cost. 

(x) The pulsed light source may comprise a titanium 40 
sapphire laser. The oscillation wavelength of the ti- 
tanium sapphire laser is tunable. Therefore, when 

the titanium sapphire laser is used as the pulsed 
light source, users can select a desired wavelength 
band. 45 

(xi) The pulse width of the pulsed light may be in a 
range from 1 0 fs to 1 ps. In this case, the pulse width 
can be efficiently reduced to a desired amount. 

(xii) The optical coherence tomography apparatus 
according to the present invention may further com- so 
prise an optical amplifying unit which optically am- 
plifies the reflection light (i.e., the above-mentioned 
portion of the signal light which is reflected from a 
predetermined depth in the object) before the re- 
flection light is optically multiplexed with the refer- 55 
ence light. It is easy to arrange an optical amplifying 
unit in the optical path of the reflection light. 

(xiii) In the optical coherence tomography appara- 



tus having the feature (xii), the optical amplifying 
unit may be an optical amplifier comprising an opti- 
cal waveguide. 

(xiv) In the optical coherence tomography appara- 
tus having the feature (xiii), the optical amplifier may 
be a semiconductor optical amplifier, a Raman am- 
plifier using the stimulated Raman effect, or an op- 
tical fiber amplifier. When the optical fiber amplifier 
is used, it is possible to increase the length of the 
optical fiber to a length which realizes a desired gain 
without substantially increasing the size of the op- 
tical fiber amplifier, since the optical fiber can be 
wound for compact placement. Therefore, the re- 
flection light can be amplified with a great gain by 
using a small-sized optical fiber amplifier unit. Fur- 
ther, since optical fiber amplifiers have low-noise 
characteristics, it is possible to accurately amplify 
very weak reflection light. 

(xv) In the optical coherence tomography apparatus 
having the feature (xiv), the optical fiber amplifier 
may comprise an optical fiber doped with at least 
one ion from among transition-metal ions, rare- 
earth ions, and complex ions. In this case, the op- 
tical fiber amplifier can achieve a great gain in a de- 
sired wavelength band which reflection light be- 
longs to. 

(xvi) In the optical coherence tomography appara- 
tus having the feature (xv), the optical fiber may be 
doped with at least one ion from among transition- 
metal ions Ti*+, Cr3+, Mn 4+ , Mn 2+ , and Fe 3+ , rare- 
earth ions Sc 3+ , Y 3+ , La 3+ , Ce 3+ , Pr 3 *, Nd 3+ , Pm 3+ , 
Sm 3+ , Eu 3+ , Gd 3 *, Tb 3+ , Dy 3+ , Ho^, Er 3 *, Tm 3+ , 
Yb 3+ , and Lu 3+ , and complex ions W0 4 2 -, Mo0 4 2 -, 
V0 4 3+ , Pt(CN) 4 2 ", and W0 5 6 \ In addition, since op- 
tical fibers can be easily doped with each of these 
ions, the manufacturing cost of the optical fiber am- 
plifier can be reduced. 

(xvii) In the optical coherence tomography appara- 
tus having the feature (xiv), the optical fiber ampli- 
fier may comprise a dye-doped optical fiber. In this 
case, the optical fiber amplifier can achieve a great 
gain in a desired wavelength band which reflection 
light belongs to. 

(xviii) The object may be a portion of living tissue, 
and the low-coherence light may have a wavelength 
in a range from 600 nm to 1,700 nm. In this case, 
the signal light exhibits desirable transmitting and 
scattering characteristics in the living tissue, and 
therefore a desirable tomographic image can be ob- 
tained. 

DESCRIPTION OF THE DRAWINGS 
[0017] 

Fig. 1 is a diagram illustrating the construction of 
the first embodiment of the optical coherence tom- 
ography apparatus according to the present inven- 
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tion. 

Fig. 2 is a side view of an example of a chirped fiber 
Bragg grating. 

Fig. 3 is a diagram indicating examples of wave- 
shapes of pulsed light before and after the pulse 
width is reduced. 

Fig. 4 is a diagram illustrating the construction of 
the second embodiment of the optical coherence to- 
mography apparatus according to the present in- 
vention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

[001 8] Embodiments of the present invention are ex- 
plained in detail below with reference to drawings. 

Construction of First Embodiment 

[0019] Fig. 1 is a diagram illustrating the construction 
of the first embodiment of the optical coherence tomog- 
raphy apparatus according to the present invention. The 
optical coherence tomography apparatus of Fig. 1 com- 
prises a light source unit 100, a fiber-coupling optical 
system 200, an optical-path delay unit 300, an optical 
scanning unit 400, a balance-difference detection unit 
500, a signal processing unit 600, and an image display 
unit 700. 

[0020] The light source unit 1 00 emits low-coherence 
light L1 having a center wavelength of 780 nm and a 
pulse width of about 100 fs. The fiber-coupling optical 
system 200 functions as an optical splitter and an optical 
multiplexer. That is, the fiber-coupling optical system 
200 splits the low-coherence light L1 emitted from the 
light source unit 100, into signal light L3 and reference 
light L2, and optically multiplexes reflection light L4 and 
the reference light L2 in orderto obtain interference light 
L5, where the reflection light L4 is a portion of the signal 
light L3 which is reflected by a predetermined depth in 
a portion 12. The optical-path delay unit 300 is arranged 
in an optical path of the reference light L2, and varies 
the length of the optical path of the reference light L2. 
The optical scanning unit 400 scans with the signal light 
L3 the portion 12 of living tissue which is to be meas- 
ured. The balance-difference detection unit 500 detects 
the intensity of the interference light L5 produced by in- 
terference between the reference light L2 andthe reflec- 
tion light L4. The signal processing unit 600 obtains the 
intensity of the reflection light L4 reflected by the prede- 
termined surface of the portion 12, by heterodyne de- 
tection based on the intensity of the interference light L5 
detected by the balance-difference detection unit 500, 
and converts the intensity of the reflection light L4 to an 
image signal. The image display unit 700 displays a to- 
mographic image in accordance with the image signal 
obtained by the signal processing unit 600. 
[0021] The light source unit 100 comprises a pulsed 
light source 110 and a pulse-width reduction unit 120. 
The pulsed light source 1 1 0 emits pulsed laser light hav- 



ing a wavelength of 780 nm. Hereinafter, the pulsed la- 
ser light may be called pulsed light. The pulse-width re- 
duction unit 120 reduces the pulse width of the pulsed 
laser light emitted from the pulsed light source 110 by 

5 using chirped fiber Bragg gratings (chirped FBG), which 
is formed as an optical-waveguide structure. 
[0022] The pulsed light source 110 comprises an er- 
bium-doped fiber laser 111, a second-harmonic gener- 
ator 112, and lenses 113 and 114. The erbium-doped 

10 fiber laser 111 is excited with excitation light having a 
wavelength of 980 nm, and emits pulsed laser light hav- 
ing a wavelength of 1 .56 micrometers. The second-har- 
monic generator 112 generates a second harmonic of 
the pulsed laser light emitted from the erbium-doped fib- 
's er laser 111. 

[0023] The pulse-width reduction unit 120 comprises 
a lens 137, optical circulators 121 to 124, chirped fiber 
Bragg grating (chirped FBGs) 125 to 128, and optical 
fibers 129 to 136. Each of the optical circulators 121 to 

20 1 24 has three ports, and transmits pulsed laser light be- 
tween the ports. The chirped FBGs 1 25 to 1 28 reduces 
the pulse width of the pulsed laser light. The chirped FB- 
Gs 125 to 128 are connected through the optical fibers 
129 to 136 and the optical circulators 121 to 124. 

25 [0024] Each of the chirped FBGs 125 to 128 is a re- 
fractive-index-modulation type chirped FBG, in which a 
grating sectioned by high refractive index portions is 
formed as illustrated in Fig. 2. 
[0025] Usually, fiber Bragg gratings (FBGs) are pro- 

30 duced by arranging periodic high-refractive-index por- 
tions in an optical fiber by exposure to ultraviolet light 
so as to form a Bragg grating. Thus, the FBGs each be- 
have as a reflection-typefilterwhich reflects light having 
a wavelength corresponding to the pitch (period) of the 

35 Bragg grating. The pitches of the above Bragg gratings 
are constant. However, the pitch (period) of each 
chirped FBG progressively varies along the length of the 
chirped FBG. Therefore, a lightcomponent which enters 
the chirped FBG is reflected from a location in the 

40 chirped FBG corresponding to the wavelength of the 
light. That is, light components having different wave- 
lengths are reflected from respectively different loca- 
tions in the chirped FBG, as illustrated in Fig. 2. For ex- 
ample, a short-wavelength light component is reflected 

45 from a location at which the pitch is small, and a long- 
wavelength light component is reflected from a location 
at which the pitch is great. Therefore, the chirped FBG 
provides each light component with a delay correspond- 
ing to the wavelength of the light component. Generally, 

so light components distribute in each laser light pulse in 
such a manner that light components 21 having longer 
wavelengths precede light components 11 having short- 
er wavelengths, as illustrated in Fig. 3. When such a la- 
ser light pulse enters the chirped FBG from the smaller 

55 pitch side, the pulse width of the laser light pulse can be 
reduced. 

[0026] The pitch of each of the chirped FBGs 1 25 to 
128 increases or decreases stepwise at regular inter- 
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vals.The reflection wavelength band of the chirped FBG 
125 corresponds to the pulse width of the pulsed laser 
light, and the reflection wavelength band of each of the 
chirped FBGs 1 26 to 1 28 corresponds to the pulse width 
of the pulsed laser light reduced by a chirped FBG in a 
preceding stage. 

[0027] The chirped FBGs 125 to 128 are arranged so 
that laser light pulses enter each chirped FBG from the 
smaller pitch side. The chirped FBGs 1 25 to 1 28 are se- 
rially connected with the optical circulators 121 to 124 
and the optical fibers 1 29 to 1 36. The output port of the 
optical circulator 1 24, which is located at the final stage 
in the pulse-width reduction unit 120, is connected to the 
fiber-coupling optical system 200. 
[0028] The fiber-coupling optical system 200 compris- 
es fiber couplers 201 and 202, a piezo electric element 
203, and optical fibers 204 to 206. The fibercoupler 201 
splits the low-coherence light L1 output from the light 
source unit 100, into signal light L3 and reference light 
L2, and multiplexes the reference light L2 and the re- 
flection light L4 in order to obtain the interference light 
L5. The fiber coupler 202 is arranged between the light 
source unit 100 and the fiber coupler 201. The piezo 
electric element 203 causes a very small frequency shift 
in the reference light L2. The optical fibers 204 connects 
the light source unit 100 and the fiber coupler 202, the 
opticalfiber 205 connectsthe optical-path delay unit 300 
and an input of the fiber coupler balance-difference de- 
tection unit 500 through the fiber couplers 201 and 202, 
and the optical fiber 206 connects the optical scanning 
unit 400 and the other input of the balance-difference 
detection unit 500 through the fibercoupler 201 . The op- 
tical fibers 204 to 206 are single-mode optical fibers. 
[0029] The optical-path delay unit 300 comprises a 
lens 301 and a prism 302. The lens 301 collimates the 
reference light L2 output from the optical fiber 205, and 
returns the collimated reference light L2 to the optical 
fiber 205 afterthe collimated reference light L2 is reflect- 
ed by the prism 302. The prism 302 reflects the collimat- 
ed reference light L2, and changes the optical length of 
the reference light L2 when the prism 302 is moved in 
the direction of the optical path of the reference light L2 
(i.e., in the horizontal direction in Fig. 1). 
[0030] The optical scanning unit 400 comprises lens- 
es 401 and 402 which move the signal light L3 in the 
direction perpendicular to the optical path of the signal 
light L3 (i.e., in the vertical direction In Fig. 1 ), and enters 
the reflection light L4 from the portion 1 2, into the optical 
fiber 206. 

[0031] The balance-difference detection unit 500 
comprises optical detectors 501 and 502 and a differen- 
tial amplifier 503. The optical detectors 501 and 502 de- 
tect intensity of the interference light L5. The differential 
amplifier 503 adjusts the DC balance between the out- 
puts of the optical detectors 501 and 502, cancels noise 
and drift components, and amplifies the difference be- 
tween the outputs of the optical detectors 501 and 502. 



Operations of First Embodiment 

[0032] The operations of the optical coherence tom- 
ography apparatus of Fig. 1 are explained below. 

5 [0033] In the pulsed light source 110, pulsed laser 
light being emittedfrom the erbium-doped fiber laser 111 
and having a wavelength of 1 .56 micrometers is con- 
verted to a second harmonic through the lens 113, the 
second-harmonic generator 112, and the lens 114. The 

10 second harmonic is pulsed laser light having a wave- 
length of 780 nm, and output to the pulse-width reduc- 
tion unit 120. 

[0034] In the pulse-width reduction unit 120, the 
above pulsed laser light is collected by the lens 1 37, and 

15 enters the optical fiber 129. The pulsed laser light prop- 
agates through the optical fiber 129, and enters the op- 
tical circulator 121 through an input port of the optical 
circulator 121. Then, the pulsed laser light is output 
through an input/output port of the optical circulator 121 , 

20 propagates through the optical fiber 1 30, and enters the 
chirped FBG 125. The pulsed laser light is reflected by 
the chirped FBG 1 25, propagates through the optical fib- 
er 130, and enters the optical circulator 1 21 through the 
input/output port of the optical circulator 121 . When the 

25 pulsed laser light is reflected by the chirped FBG 125, 
the pulse width of the pulsed laser light is reduced. Then , 
the pulsed laser light is output through an output port of 
the optical circulator 121, propagates through the optical 
fiber 131, and enters the optical circulator 122 through 

30 an input port of the optical circulator 1 22. Thereafter, the 
pulsed laser light is reflected by the chirped FBGs 1 26, 
127, and 1 28 in a similarmannerto the above operation. 
When the pulsed laser light is reflected by the chirped 
FBGs 125, 126, 127, and 128, the pulse width of the 

35 pulsed laser light is reduced to about 5 fs while the cent- 
er wavelength remains 780 nm. Finally, the pulsed laser 
light output from the chirped FBG 1 28 enters the optical 
fiber 204 through the optical circulator 124, and is sup- 
plied as low-coherence light L1 to the fiber-coupling op- 

40 tical system 200. 

[0035] The low-coherence light L1 propagates 
through the optical fiber 204, is led to the optical fiber 
205 through the fiber coupler 202, and split into the ref- 
erence light L2 and the signal light L3. Next, the refer- 

45 ence light L2 propagates through the optical fiber 205, 
is modulated by the piezo electric element 203, and is 
then led to the optical-path delay unit 300. Due to the 
modulation by the piezo electric element 203, the fre- 
quency of the reference light L2 is shifted from the fre- 

50 quency of the signal light L3 by a very small difference 
Af . On the other hand, the signal light L3 propagates 
through the optical fiber 206 to the optical scanning unit 
400. 

[0036] In the optical scanning unit 400, the signal light 
55 L3 passes through the lenses 401 and 402, and enters 
the portion 12 of the living tissue which is to be meas- 
ured. A portion of the signal light L3 which is reflected 
from a predetermined depth in the portion 1 2 is returned 
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as the reflection light L4 to the optical fiber 206 through 
the lenses 402 and 401. In the fiber coupler 201, the 
reflection light L4 is optically multiplexed with the refer- 
ence light L2 which is returned from the optical-path de- 
lay unit 300 through the optical fiber 205 as described 5 
below. 

[0037] The reference light L2 which is modulated by 
the piezo electric element 203, and propagates through 
the optical fiber 205 to the optical-path delay unit 300 is 
collimated by the lens 301, and reflected by the prism 
302. Then, the reflected reference light L2 passes 
through the lens 301 , and is returned through the optical 
fiber 205 to the fiber coupler 201 , in which the reflected 
reference light L2 is optically multiplexed with the reflec- 
tion light L4, as described above. 
[0038] Thus, the reference light L2 is superimposed 
on the reflection light L4 in the same optical path. When 
a predetermined condition exists, i.e., when the round 
trip optical length of the signal light L3 and the corre- 
sponding reflection light L4 between the fiber coupler 
201 and the predetermined depth in the portion 12 co- 
incides with the round trip optical length of the reference 
light L2 between the fiber coupler 201 and the prism 302 
in the optical-path delay unit 300, interference occurs 
between the reflection light L4 and the reference light 
L2, and the interference light L5 containing a beat signal 
is generated. 

[0039] Since the reference light L2 and the reflection 
light L4 are low-coherence light having a short coher- 
ence length, the interference occurs between the reflec- 
tion light L4 and the reference light L2 when the round 
trip optical length of the signal light L3 and the corre- 
sponding reflection light L4 between the fiber coupler 
201 and the predetermined depth in the portion 12 co- 
incides with the round trip optical length of the reference 
light L2 between the fiber coupler 201 and the prism 302 
in the optical-path delay unit 300. The frequency of the 
beat signal contained in the interference light L5 corre- 
sponds to the frequency difference Af between the re- 
flection light L4 and the (frequency-shifted) reference 
light L2. 

[0040] The interference light L5 is split into two por- 
tions by the fiber coupler 201 . The first portion of the 
interference light L5 propagates through the optical fiber 
205, and enters the optical detector 501 , and the second 
portion of the interference light L5 propagates through 
the optical fiber 206, and enters the optical detector 502. 
[0041] The optical detectors 501 and 502 respectively 
detect the intensities of the beat signal in the interfer- 
ence light L5. Then, the differential amplif ier503 obtains 
the difference between the outputs of the optical detec- 
tors 501 and 502, and outputs the difference to the sig- 
nal processing unit 600. The differential amplifier 503 
has a function of adjusting the DC balance between the 
two inputs thereof. Therefore, even when drift occurs in 
the low-coherence light L1 output from the light source 
unit 1 00, the drift components in the outputs of the op- 
tical detectors 501 and 502 can be canceled by adjust- 



ing the DC balance and amplifying the difference, and 
therefore only the beat signal component can be detect- 
ed. 

[0042] When the prism 302 is moved along the direc- 
tion of the optical axis (i.e., the horizontal direction in 
Fig. 1 ), the optical length of the reference light L2 chang- 
es. Therefore, the total optical length of the reflection 
light L4 which interferes with the reference light L2 and 
the corresponding signal light L3 also changes with the 
change in the optical length of the reference light 12. 
Thus, the depth in the portion 12 from which the reflec- 
tion light L4 interfering with the reference light L2 is re- 
flected also changes. That is, the depth in the portion 
12 from which the tomographic image is obtained can 
be changed by changing the position of the prism 302 
in the direction of the optical axis. 
[0043] As explained above, it is possible to obtain to- 
mographic information along the optical axis of the op- 
tical scanning unit 400 from the surface of the portion 
12 to a desired depth in the portion 12. Therefore, when 
the entire surface of the portion 1 2 is scanned by moving 
the incident point of the signal light L3 in a plane per- 
pendicular to the optical axis of the optical scanning unit 
400 (e.g., in the vertical direction in Fig. 1), and the 
above operation of obtaining tomographic information 
along the optical axis of the optical scanning unit 400 
from the surface of the portion 12 to the desired depth 
in the portion 12 is repeated, tomographic information 
on the entire volume of the portion 1 2 can be obtained. 
[0044] The signal processing unit 600 obtains the in- 
tensity of the reflection light L4 returned from a prede- 
termined depth in the portion 12, by heterodyne detec- 
tion based on the intensity of the interference light L5 
detected by the balance-difference detection unit 500. 
Then, the signal processing unit 600 converts the inten- 
sity of the reflection light L4 into an image signal. Finally, 
the image display unit 700 displays a tomographic im- 
age in accordance with the image signal generated by 
the signal processing unit 600. 

Advantages of First Embodiment 

[0045] In the first embodiment of the present inven- 
tion, the light source unit 1 00 is constituted by the pulsed 
light source 110 and the pulse-width reduction unit 120, 
and the pulsed light source 110 is constituted by the er- 
bium-doped fiber laser 111 and the second-harmonic 
generator 1 1 2. In addition, the pulse-width reduction unit 
120 reduces the pulse width of the low-coherence light 
by using the chirped FBGs 1 25 to 1 28, which are linear 
fiber Bragg gratings of the refractive-index modulation 
type. Therefore, the size and the cost of the light source 
unit 1 00 are reduced, and the usability of the light source 
unit 100 is increased. 

[0046] In addition, the low-coherence light L1 emitted 
from the light source unit 1 00 has a center wavelength 
of 780 nm, a pulse width of about 5 fs, and a coherence 
length of 3 micrometers. That is, the resolution in the 
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coherence interference Is as high as 3 micrometers. 
Thus, the resolution in the coherence interference is so 
increased that a tomographic image of a microscopic 
structure of living tissue can be obtained, and this res- 
olution is achieved by using only a small-sized, inexpen- 
sive, easy-to-handle light source, while the light sources 
required in the conventional optical coherence tomog- 
raphy apparatuses, such as the ultrashort-pulse laser, 
are expensive, bulky, and uneasy to handle. 
[0047] Further, since the low-coherence light is in the 
780 nm band, the low-coherence light exhibits desirable 
transmitting and scattering characteristics in the living 
tissue. Therefore, it is possible to obtain a desirable to- 
mographic image. 

[0048] Furthermore, since the pulsed light source 1 1 0 
is constituted by the erbium-doped fiber laser 111 and 
the second-harmonic generator 112, pulsed laser light 
having a small pulse width and high output power can 
be obtained in a desirable wavelength band. In addition, 
since the pulse width of the pulsed laser light emitted 
from the light source unit 1 00 is 1 00 fs, the pulse width 
can be efficiently reduced to a desired amount. 

Construction of Second Embodiment 

[0049] Fig. 4 is a diagram illustrating the construction 
of the second embodiment of the optical coherence to- 
mography apparatus according to the present invention. 
The optical coherence tomography apparatus of Fig. 4 
comprises a light source unit 1 00, a fiber-coupling opti- 
cal system 800, an optical fiber amplifier unit 900, an 
optical-path delay unit 300, an optical scanning unit 400, 
a balance-difference detection unit 500, a signal 
processing unit 600, and an image display unit 700. 
[0050] The light source unit 1 00 emits low-coherence 
light L1 having a center wavelength of 780 nm and a 
pulse width of about 100 fs. The fiber-coupling optical 
system 800 functions as an optical splitterand an optical 
multiplexer. The fiber-coupling optical system 800 splits 
the low-coherence light L1 emitted from the light source 
unit 1 00, into signal light L3 and reference light L2. The 
optical-path delay unit 300 is arranged in an optical path 
of the reference light L2, and varies the length of the 
optical path of the reference light L2. The optical fiber 
amplifier unit 900 amplifies reflection light L4, which is 
a portion of the signal light L3 which is reflected by a 
predetermined depth in a portion 1 2. The fiber-coupling 
optical system 800 optically multiplexes the amplified re- 
flection light L4' and the reference light L2 in order to 
obtain interference light L5'. The optical scanning unit 
400 scans with the signal light L3 the portion 1 2 of living 
tissue which is to be measured. The balance-difference 
detection unit 500 detects the intensify of the interfer- 
ence light L5' produced by interference between the ref- 
erence light L2 and the amplified reflection light L4'. The 
signal processing unit 600 obtains the intensity of the 
amplified reflection light L4' by heterodyne detection 
based on the intensity of the interference light L5' de- 



tected by the balance-difference detection unit 500, and 
converts the intensity of the amplified reflection light L4 1 
to an image signal. The image display unit 700 displays 
a tomographic image in accordance with the image sig- 

5 nal obtained by the signal processing unit 600. The light 
source unit 1 00, the optical-path delay unit 300, the op- 
tical scanning unit 400, the balance-difference detection 
unit 500, the signal processing unit 600, and the image 
display unit 700 have the same constructions and func- 

10 tions as the corresponding units in the construction of 
Fig. 1 , respectively. 

[0051 ] The fiber-coupling optical system 800 compris- 
es fiber couplers 801 and 802, a piezo electric element 
803, optical circulators 804 and 805, and optical fibers 

is 806 to 812. The fiber coupler 801 splits the low-coher- 
ence light L1 output from the light source unit 100, into 
signal light L3 and reference light L2, and optically mul- 
tiplexes the reference light L2 and the amplified reflec- 
tion light L4' in order to obtain interference light L5'. The 

20 fiber coupler 802 is arranged between the light source 
unit 1 00 and the fiber coupler 801 . The optical circulator 
804 has th ree ports 804a, 804b , and 804c, and transmits 
the reference light L2 and the amplified reflection light 
L4' between the ports. The optical circulator 805 also 

25 has three ports 805a, 805b, and 805c, and transmits the 
reference light L2 and the reflection light L4 between the 
ports. The piezo electric element 803 shifts the frequen- 
cy of the reference light L2 by a very small amount. The 
optical fibers 806 connects the light source unit 1 00 and 

30 the fiber coupler 802, the optical fiber 807 connects the 
optical-path delay unit 300 and an input of the fiber cou- 
pler balance-difference detection unit 500 through the 
fiber couplers 801 and 802. The optical fiber 808 con- 
nects the optical circulator 804 and the other input of the 

35 balance-difference detection unit 500 through the fiber 
coupler 801 . The optical fiber 809 connects the optical 
circulators 804 and 805. The optical fiber 810 connects 
the optical circulator 805 and the optical scanning unit 
400. The optical fiber 81 1 connects the optical circulator 

40 805 and an optical connector 903 in the optical fiber am- 
plifier unit 900 (explained later). The optical fiber 812 
connects the optical circulator 804 and an optical con- 
nector 902 in the optical fiber amplifier unit 900. The op- 
tical fibers 806 to 812 are single-mode optical fibers. 

45 [0052] The optical fiber amplifier unit 900 comprises 
a fiber amplification portion 901 , the optical connectors 
902 and 903, a YAG laser 904, a lens 905, an optical 
fiber 906, and the fiber coupler 907. The fiber amplifica- 
tion portion 901 is arranged between the optical conn ec- 

50 tors 902 and 903, and amplifies signal light propagating 
through the fiber amplification portion 90 1 when th e fiber 
amplification portion 901 is excited. The YAG laser 904 
generates as excitation light L6 a second harmonic hav- 
ing a wavelength of 532 nm, and supplies the excitation 

55 light L6 to the optical fiber 906 through the lens 905. The 
lens 905 collects the excitation light L6 output from the 
YAG laser 904. The optical fiber 906 leads the collected 
excitation light L6 to the fiber coupler 907. The fiber cou- 
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pier 907 leads the excitation light L6 to the optical fiber 
812. The fiber amplification portion 901 is realized by an 
optical fiber including a core doped with Ti 4 * which has 
a peak gain in the vicinity of 7B0 nm. The optical fiber is 
wound when placed in the optical fiber amplifier unit 900. 

Operations of Second Embodiment 

[0053] The operations of the optical coherence tom- 
ography apparatus of Fig. 4 are explained below. 
[0054] The low-coherence light L1 having a wave- 
length of 780 nm is output from the light source unit 1 00, 
and enters the optical fiber 806. The low-coherence light 
L1 propagates through the optical fiber 806, and is led 
through the fiber coupler 802 to the optical fiber 807. 
Then, the low-coherence light L1 propagates through 
the optical fiber 807 to the fiber coupler 802, by which 
the low-coherence light L1 is split into the reference light 
L2 and the signal light L3. The reference light L2 prop- 
agates through the optical fiber 807, and is modulated 
by the piezo electric element 803 so that the frequency 
of the reference light L2 is shifted by a very small 
amount. Thus, a very small frequency difference is pro- 
duced between the reference light L2 and the signal light 
L3. On the other hand, the signal light L3 propagates 
through the optical fiber 808, enters the optical circulator 
804 through the port 804a, and is then output from the 
port 804b to the optical fiber 809. Next, the signal light 
L3 propagates through the optical fiber 809, enters the 
optical circulator 805 through the port 805a, and is then 
output from the port 805b to the optical fiber 810. The 
signal light L3 further propagates through the optical fib- 
er 81 0 to the optical scanning unit 400. 
[0055] In the optical scanning unit 400, the signal light 
L3 passes through the lenses 401 and 402, and enters 
the portion 12 of the living tissue which is to be meas- 
ured. A portion of the signal light L3 which is reflected 
from a predetermined depth in the portion 12 is returned 
as the reflection light L4 to the optical fiber 81 0 through 
the lenses 402 and 401. The reflection light L4 propa- 
gates through the optical fiber 810, enters the optical 
circulator 805 through the port 805b, and is output from 
the port 805c to the optical fiber 81 1 . Thus, the reflection 
light L4 enters the optical fiber amplifier unit 900, and is 
amplified by the optical fiber amplifier unit 900. Details 
of the operations of the optical fiber amplifier unit 900 
are explained later. The amplified reflection light L4' 
propagates through the optical fiber 812, the optical cir- 
culator 804, and the optical fiber 808 to the fiber coupler 
801. 

[0056] On the other hand, the reference light L2 mod- 
ulated by the piezo electric element 803 propagates 
through the optical fiber 807 to the optical-path delay 
unit 300. In the optical-path delay unit 300, the reference 
light L2 is collimated by the lens 301 , and reflected by 
the prism 302. Then, the reflected reference light L2 
passes through the lens 301 , is returned to the optical 
fiber 807, and then propagates to the fiber coupler 801 . 



[0057] Thus, the reference light L2 is superimposed 
on the amplified reflection light L4' in the same optical 
path. When a predetermined condition exists, i.e., when 
the total optical length of the signal light L3, the corre- 

5 sponding reflection light L4, and the corresponding am- 
plified reflection light L4 1 between the fiber coupler 801 
and the predetermined depth in the portion 1 2 coincides 
with the round trip optical length of the reference light 
L2 between the fiber coupler 801 and the prism 302 in 

10 the optical-path delay unit 300, interference occurs be- 
tween the amplified reflection light L4' and the reference 
light L2, and the interference light L5" containing a beat 
signal is generated. 

[0058] The interference light L5' is split into two por- 

'5 tions by the fiber coupler 801 . The first portion of the 
interference light L5' propagates through the optical fib- 
er 807, and enters the optical detector 501 , and the sec- 
ond portion of the interference light L5' propagates 
through the optical fiber 808, and enters the optical de- 

zo tector502. 

[0059] The optical detectors 501 and 502 respectively 
detect the intensities of the beat signal in the interfer- 
ence light L5'. Then, the differential amplifier 503 ob- 
tains the difference between the outputs of the optical 

25 detectors501 and 502, and outputs the difference to the 
signal processing unit 600. The signal processing unit 
600 obtains the intensity of the amplified reflection sig- 
nal light L4' by heterodyne detection based on the inten- 
sity of the interference light L5' detected by the balance- 

30 difference detection unit 500. Then, the signal process- 
ing unit 600 converts the intensity of the amplified re- 
flection signal light L4' into an image signal. Finally, the 
image display unit 700 displays a tomographic image in 
accordance with the image signal generated by the sig- 

35 nal processing unit 600. 

[0060] When the prism 302 is moved along the direc- 
tion of the optical axis (i.e., the horizontal direction in 
Fig. 1 ), the optical length of the reference light L2 chang- 
es. Therefore, the total optical length of the amplified 

40 reflection light L4' which interferes with the reference 
light 12, the corresponding signal light L3, and the cor- 
responding reflection light L4 also changes with the 
change in the round trip optical length of the reference 
light L2. Thus, the depth in the portion 1 2 from which the 

45 reflection light L4 corresponding to the amplified reflec- 
tion light L4' interfering with the reference light L2 is re- 
flected also changes. That is, the depth in the portion 
12 from which the tomographic image is obtained can 
be changed by changing the position of the prism 302 

so in the direction of the optical axis. 

[0061 ] As explained above, it is possible to obtain to- 
mographic information along the optical axis of the op- 
tical scanning unit 400 from the surface of the portion 
1 2 to a desired depth in the portion 1 2. Therefore, when 

55 the entire surface of the portion 12 is scanned by moving 
the incident point of the signal light L3 in a plane per- 
pendicular to the optical axis of the optical scanning unit 
400 (e.g., in the vertical direction in Fig. 1), and the 



9 



17 



EP 1 154 224 A1 



above operation of obtaining tomographic information 
along the optical axis of the optical scanning unit 400 
from the surface of the portion 12 to the desired depth 
in the portion 12 is repeated, tomographic information 
on the entire volume of the portion 1 2 can be obtained. 
[0062] The operations of the optical fiber amplifier unit 
900 are explained below. 

[0063] The excitation light L6 emitted by the YAG la- 
ser 904 having the wavelength of 532 nm is collected 
by the lens 905, and enters the optical fiber 906. Then, 
the excitation light L6 is led to the optical fiber 812 
through the fiber coupler 907, and enters the fiber am- 
plification portion 901 through the optical connector 902. 
During propagation of the excitation light L6 through the 
fiber amplification portion 901 , the excitation light L6 is 
absorbed by Ti 44 with which the core of the fiber ampli- 
fication portion 901 is doped. When Ti 44 absorbs the ex- 
citation light L6, Ti 4 * transits from its ground state to an 
excited state. When the reflection light L4 enters the fib- 
er amplification portion 901 in which Ti 4 * is excited, 
through the optical connector 903, and propagates 
through the fiber amplification portion 901 , light in phase 
with the reflection light L4 is generated by induced emis- 
sion, and Ti 4+ returns to the ground state. The induced 
emission repeatedly occurs, and amplifies the reflection 
light L4. Thus, the amplified reflection light L4' is emitted 
through the optical connector 902. Since the amplified 
reflection light L4' is in phase with the reflection light L4, 
the tomographic information can be obtained from the 
interference light L5' generated by the interference be- 
tween the reference light L2 and the amplified reflection 
light L4\ 

Advantages of Second Embodiment 

[0064] The optical coherence tomography apparatus 
as the second embodiment of the present invention has 
the following advantages as well as the advantages of 
the first embodiment. 

[0065] Since the optical fiber amplifier unit 900 is pro- 
vided, and the reflection light L4 is amplified before the 
interference with the reference light L2, it is possible to 
obtain tomographic information having an enhanced 
signal-to-noise ratio while keeping the intensity of the 
signal light L3 at such a level that the safety of the por- 
tion 12 of the living tissue is secured. In addition, even 
when the reflection light L4 is returned from a deep area 
from which the conventional optical coherence tomog- 
raphy apparatuses cannot obtain tomographic informa- 
tion, the interference light L5' generated by the interfer- 
ence between the reference light L2 and the amplified 
reflection light L4' can be detected, and therefore the 
tomographic information can be obtained. That is, the 
depth from which tomographic information can be ob- 
tained is increased by the provision of the optical fiber 
amplifier unit 900. 

[0066] In addition, since the optical fiber as the fiber 
amplification portion 901 can be wound for compact 



placement, it is possible to increase the length of the 
optical fiber to a length which realizes a desired gain 
without substantially increasing the size of the optical 
fiber amplifier unit 900. That is, the reflection light L4 

5 can be amplified with a great gain by using a small-sized 
optical fiber amplifier unit 900. Since optical fiber ampli- 
fiers have low-noise characteristics, it is possible to ac- 
curately amplify very weak reflection light L4. 
[0067] Further, since an optical fiber doped with Ti 44 

10 is used in the fiber amplification portion 901 , it is possi- 
ble to efficiently amplify the reflection light L4 in the 
wavelength band near 780 nm. 
[0068] Since the wavelength of the low-coherence 
light L1 , i.e., the wavelength of the signal light L3, is 780 

'5 nm, the reference light L2 exhibits desirable transmitting 
and scattering characteristics in the living tissue. There- 
fore, it is possible to obtain a desirable tomographic im- 
age. 

20 Variations and Other Matters 
[0069] 

(i) As a variation of each of the first and second em- 
25 bodiments of the present invention, a pulsed light 

source which emits pulsed laser light having a 
wavelength of 1 ,560 nm, instead of 780 nm, can be 
used. That is, the erbium-doped fiber laser 1 1 1 can 
be singly used as the pulsed light source 1 1 0. In this 

30 case, an optical fiber doped with Er 3+ , instead of 
Ti 44 -, can be used in the optical fiber amplifier unit 
900, and a semiconductor laser which emits laser 
light having a wavelength of 980 nm, instead of the 
YAG laser 904 emitting the laser light of 532 nm, 

35 can be used as an excitation light source in the op- 
tical fiber amplifier unit 900. In the above variation, 
the excitation light L6 having the wavelength of 980 
nm is absorbed by Er 3 * in the fiber amplification por- 
tion 901, and reflection light L4 having the wave- 

40 length of 1 ,560 nm can be efficiently amplified in the 
fiber amplification portion 901 . 

(ii) In addition, according to the wavelength band of 
the low-coherence light L1 , at least one ion from 
among transition-metal ions, rare-earth ions, and 

45 complex ions can be used as a dopant in the optical 
fiber in the optical fiber amplifier unit 900. When at 
least one ion from among the transition-metal ions 
Ti 44 , Cr 3+ , Mn 44 , Mn 2+ , and Fe 3+ , rare-earth ions 
Sc3 + , Y 3 *, La 3+ , Ce 3+ , Pr 3 *, Nd 3 *, Pm 3+ , Sm 3+ , 

so Eu 3+ , Gd 3+ , Tb 3+ , Dy 3+ , Ho 3+ , Er^.Tm 3 *, Yb 3 *, and 
Lu 3+ , and complex ions W0 4 2 -, Mo0 4 2 ", V0 4 3+ , Pt 
(CN) 4 2 -, and W0 6 6- is used as a dopant in the opti- 
cal fiber as the optical fiber amplifier unit 900, the 
reflection light L4 can be efficiently amplified. In ad- 

55 dition, since optical fibers can be easily doped with 
the above ions, the manufacturing cost of the fiber 
amplification portion 901 can be reduced. Alterna- 
tively, a dye-doped optical fiber can be used as the 
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fiber amplification portion 901 . 

(iii) Although four chirped FBGs are used in the 
pulse-width reduction unit 120 in the optical coher- 
ence tomography apparatuses of Figs. 1 and 4, any 
number of chirped FBGs can be used when that 5 
number of chirped FBGs can reduce the pulse width 

of the pulsed laser light emitted from the pulsed light 
source 110 to a desired pulse width. For example, 
the number may be one, two, three, five, or more. 

(iv) Instead of the chirped FBGs, transparent-type 10 
finely-structured optical waveguides each of which 
contains microbubbles, such asairfoam, in the core 
can be used. In the transparent-type finely-struc- 
tured optical waveguides, the zero-dispersion 
wavelength is shifted toward the shorter-wave- '5 
length side by forming microbubbles in the core so 

as to change the structure dispersion characteristic 
of the optical fiber. Therefore, an anomalous disper- 
sion characteristic can be obtained in a desired 
wavelength band. Thus, when pulsed laser light 20 
propagates through a transparent-type finely-struc- 
tured optical waveguide formed as above, the pulse 
width of the pulsed laser light is reduced. In this 
case, the reduction of the pulse width can be real- 
ized by merely transmitting the pulsed laser light 25 
through the finely-structured optical waveguide. 
Therefore, the construction of the pulse-width re- 
duction unit 120 can be simplified, and the size of 
the pulse-width reduction unit 120 can be reduced. 

(v) Although the pulsed light source 1 1 0 in the opti- 30 
cal coherence tomography apparatuses of Figs. 1 
and 4 comprises the erbium-doped fiber laser 111 
and the second-harmonic generator 112, the con- 
struction of the pulsed light source 1 1 0 is not limited 

to the pulsed light source 110 illustrated in Figs. 1 35 
and 4. For example, according to the required con- 
ditions concerning the wavelength band, the output 
power, the pulse width, and the like, the pulsed light 
source 110 may be realized by singly using an er- 
bium-doped fiber laser or a fiber laser doped with <*° 
another rare-earth element such as ytterbium, or 
using an fiber laser doped with another rare-earth 
element such as ytterbium and a second-harmonic 
generator in combination. In addition, the titanium 
sapphire laser or the like is suitable for use in a *s 
pulsed light source. 

(vi) In the optical coherence tomography apparatus- 
es as the first and second embodiments, the piezo 
electric element is arranged in the optical path of 

the reference light in order to shift the frequency of so 
the reference light. As an alternative, instead of 
shifting the frequency of the reference light, the fre- 
quency of the signal light may be shifted. As a sec- 
ond alternative, both of the frequencies of the ref- 
erence light and the signal light can be shifted so 55 
as to produce a desired difference between the fre- 
quencies of the reference light and the signal light. 



1 . An optical coherence tomography apparatus com- 
prising: 

a light source which emits low-coherence light; 
an optical splitting unit which splits said low-co- 
herence light into signal light having a first fre- 
quency and first reference light having a sec- 
ond frequency; 

a frequency shifting unit which shifts at least 
one of said first and second frequencies so that 
a predetermined frequency difference is pro- 
duced between the first and second frequen- 
cies; 

an irradiating unit which irradiates an object 
with said signal light; 

an optical multiplexing unit which optically mul- 
tiplexes said reference light and a portion of 
said signal light which is reflected from a pre- 
determined depth in said object, so as to pro- 
duce interference light; and 
an image detection unit which detects an opti- 
cal intensity of said interference light, and ob- 
tains a tomographic image of said object based 
on said optical intensity; 

said light source comprises, 
a pulsed light source unit which emits pulsed 
light having a third frequency and a pulse width, 
and 

an optical-waveguide structure made of a ma- 
terial having a normal dispersion characteristic 
with respect to light which has said third fre- 
quency, where said optical-waveguide struc- 
ture includes a structure which realizes an 
anomalous dispersion characteristic with re- 
spect to light which has said third frequency, so 
as to reduce said pulse width of said pulsed 
light. 

2. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said optical-waveguide 
structure comprises at least one Bragg grating 
formed with a plurality of light-reflecting portions ar- 
ranged in a longitudinal direction of said optical- 
waveguide structure at a pitch which varies pro- 
gressively. 

3. An optical coherence tomography apparatus ac- 
cording to claim 2, wherein said at least one Bragg 
grating is at least one frequency-modulation type 
Bragg grating formed with a plurality of high-refrac- 
tive-index portions arranged in the longitudinal di- 
rection of said optical-waveguide structure at said 
pitch. 

4. An optical coherence tomography apparatus ac- 
cording to claim 2, wherein said at least one Bragg 
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grating is at least one linear Bragg grating in which 
said pitch varies linearly. 

5. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said at least one Bragg 
grating is at least one chirped fiber Bragg grating. 

6. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said pulsed light source 
comprises a fiber laser doped with a rare-earth ion. 

7. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said pulsed light source 
further comprises a second harmonic generator. 

8. An optical coherence tomography apparatus ac- 
cording to claim 6, wherein said rare-earth ion is er- 
bium. 



Yb 3+ , and Lu 3+ , and complex ions W0 4 2- , Mo0 4 2 -, 
V0 4 3+ , Pt(CN) 4 2 -, and W0 6 6 \ 

17. An optical coherence tomography apparatus ac- 
5 cording to claim 14, wherein said optical fiber am- 
plifier comprises a dye-doped optical fiber. 

18. An optical coherence tomography apparatus ac- 
cording to claim 1, wherein said object is a portion 

10 of living tissue, and said low-coherence light has a 
wavelength in a range from 600 nm to 1 ,700 nm. 
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9. An optical coherence tomography apparatus ac- 20 
cording to claim 6, wherein said rare-earth ion is yt- 
terbium. 

10. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said pulsed light source 25 
comprises a titanium sapphire laser. 

11. An optical coherence tomography apparatus ac- 
cording to claim 1 , wherein said pulse width of said 
pulsed light is in a range from 1 0 fs to 1 ps. 30 

12. An optical coherence tomography apparatus ac- 
cording to claim 1 , further comprising an optical am- 
plifying unit which optically amplifies said a portion 

of said signal light before optically multiplexed with 35 
said reference light. 

13. An optical coherence tomography apparatus ac- 
cording to claim 1 2, wherein said optical amplifying 
unit is an optical amplifier comprising an optical 40 
waveguide. 

14. An optical coherence tomography apparatus ac- 
cording to claim 13, wherein said optical amplifier 

is an optical fiber amplifier. « 

15. An optical coherence tomography apparatus ac- 
cording to claim 14, wherein said optical fiber am- 
plifier comprises an optical fiber doped with at least 
one ion from among transition-metal ions, rare- so 
earth ions, and complex ions. 

16. An optical coherence tomography apparatus ac- 
cording to claim 15, wherein said optical fiber is 
doped with at least one ion from among transition- 55 
metal ions Ti 4+ , Cr 3 *, Mn^, Mn 3+ , and Fe 3 ^ rare- 
earth ions Sc 3 * Y 3+ , La 3+ , Ce 3+ , Pr 3+ , Nd 3+ , Pm 3+ , 
Sm 3+ Eu 3+ Qd 3+ , Tb 3+ , Dy 3+ , Ho 3+ , Efi\ Tm 3+ , 
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